Plasma confinement in a mirror magnetic field was applied to the electron cyclotron resonance ͑ECR͒ plasma enhanced dc sputtering discharge sustained at pressures below 10 Ϫ2 Pa. Ion current densities up to 12 mA/cm 2 , plasma densities about 10 11 cm Ϫ3 and electron temperatures about 25 eV were measured by a Langmuir probe. The cathode current was maximum when the ECR zone was close to the cathode z ECR Ͻ10 cm ͑measured from the center of the cathode͒. A mirror ratio M Rу3 was necessary for sustaining the discharge at simultaneously large microwave powers and cathode voltages. An application of the system studied to the ion assisted deposition of metallic and compound thin films with a controlled crystal structure is proposed.
I. INTRODUCTION
Microwave electron cyclotron resonance ͑ECR͒ plasma enhanced sputtering ͑hereafter abbreviated as ECR sputtering͒ is an advanced deposition technique developed during the last decade. [1] [2] [3] [4] [5] [6] [7] Ionization and excitation of the working medium by a microwave ECR discharge result in low working pressures down to 5ϫ10
Ϫ3 Pa, large substrate ion fluxes of 1-10 mA/cm 2 and in a high reactivity of the molecular gas. A number of examples of the beneficial influence of the microwave ECR plasma enhancement of the sputtering discharge on the deposition of various types of thin films can be found in the literature. [8] [9] [10] [11] [12] [13] [14] [15] One of the advantages of ECR sputtering is the low working pressure. A good confinement of plasma electrons along magnetic field lines is crucial for the operation of the ECR discharge at pressures of about 10 Ϫ2 Pa and lower. In principle, the electrons can be reflected back into the plasma by a negative potential of an electrode ͑electrostatic confinement͒ or by the force F eʈ ϭϪ e grad ʈ B ͑magnetic confinement͒, where e ϭ 1 2 m e v eЌ 2 /B is the magnetic moment of an electron with the velocity v eЌ , m e is the electron mass and grad ʈ B is the gradient of the magnetic flux density B. The symbols ʈ and Ќ denote vector components parallel and perpendicular to the magnetic field.
The configuration of the ECR sputtering which includes a divergent magnetic field and a hollow cylindrical cathode [1] [2] [3] employs a combination of electrostatic and magnetic confinements ͑EMCs͒ of electrons along magnetic field lines. A confinement between two electrostatic mirrors is employed in the system with a planar cathode and a cylindrical cathode connected by magnetic field lines. 6 This is in principle similar to the magnetron, where a number of magnetic field lines crosses the same cathode. ECR sputtering with a magnetron was also studied. 5, 7, 16, 17 A pure magnetic field confinement in the mirror field has not yet been tested for ECR sputtering. Such a system could provide a steady operation at very low pressures pϽ10 Ϫ2 Pa with a large ion flux to a substrate. The microwave ECR discharge in the mirror magnetic field has been used previously in the plasma fusion research and for the ion sources. However, it is not clear to what extent the presence of the cathode and of the sputtered metal atoms will affect the discharge characteristics.
The present article is devoted to the investigation of ECR sputtering with plasma confinement in a mirror magnetic field and a hollow cylindrical cathode located in the plane of symmetry of the magnetic trap. The measurements of the cathode current and plasma parameters as a function of the discharge parameters ͑cathode voltage U d , microwave power P , argon pressure p, spatial distribution of the magnetic field͒ are reported.
II. EXPERIMENTAL DETAILS
A schematic of the microwave ECR sputtering apparatus with the magnetic-mirror plasma confinement is presented in Fig. 1 . A water-cooled stainless steel vacuum chamber of 135 mm in inner diameter ͑i.d.͒ was equipped with a cylindrical water-cooled hollow cathode with a copper target. The target was 100 mm in length and 110 mm in i.d. The part of the chamber between the flange ͑with a waveguide͒ and the cathode was approximately 200 mm in length.
The magnetic field was produced by two identical coils. The spatial distribution of the magnetic field was modified by the variation of the distance of coils v and/or by the use of a yoke. The yoke consisted of two 8 mm thick soft iron plates that were placed at the ''inner'' side of the coils, see Fig. 1 . The main characteristics of the magnetic field distribution are the mirror ratio (M R), i.e., the ratio of the magnetic field at the throat and at the bottom of the magnetic trap and the axial distance of the ECR zone from the center of the cathode z ECR ; see Fig. 1 . Both M R and z ECR are increased by increasing coil distance v or by using the yoke. A larger mirror ratio is achieved for the same z ECR when the yoke is used. Microwaves of 2.45 GHz frequency and up to 1.3 kW power were launched into the plasma along the apparatus axis by direct coupling of a rectangular waveguide with the vacuum chamber. The microwave transmission line consisted of a magnetron, a ferrite isolator with a dummy load, an E-H tuner and a quarter-wavelength transformer to a narrow waveguide followed by an E corner that coupled the waveguide to the vacuum chamber. A quartz window between the transformer and the E corner was used to seal the vacuum. An E corner of the 104 mmϫ54.6 mm cross section was used in first experiments. In this case the quartz window was screened from atoms sputtered from the cathode; however it was covered by the material from the inner wall of the waveguide sputtered by the plasma ions accelerated in the gradient of the magnetic field and in the plasma sheath. No deposits were observed on the quartz window after many hours of operation after replacing the E corner with a narrow 104 mmϫ13.1 mm cross-sectional one with a double bend. The incident microwave power was inferred from the anode current of the magnetron while the reflected power was measured by a crystal sensor attached to a directional coupler in the side branch of the ferrite isolator.
The vacuum chamber was evacuated by a turbomolecular pump ͑500 l /s͒ to the base pressure p 0 р1.5ϫ10
Ϫ4 Pa. The discharge was operated in argon at pressures ranging from 4ϫ10 Ϫ3 Pa to 2ϫ10 Ϫ1 Pa. The pressure was adjusted by the argon flow. The values given in this article refer to the readings of the ionization gauge prior to the ignition of the discharge. The actual pressures in the discharge region could differ considerably from these values due to gas heating, enhanced desorption and burnout of the gas in the plasma. 18, 19 As we had no control over the gas pressure in the region of discharge, only these nominal values are given.
An axially and radially movable planar Langmuir probe was used for measurements of plasma parameters ͑plasma and floating potentials, plasma density, electron temperature͒. The probe consisted of the tip of a molybdenum wire 2 mm in diameter, shielded by a ceramics tube. The probe was constructed in such a way that measurements could be made during deposition of the metal films. An electrically floating metal plate with a slot for the Langmuir probe was used for the radial distribution measurements of the plasma parameters. The metal plate stabilized the plasma which was only slightly affected by the probe position as confirmed by a minor variation of the reflected microwave power and of the cathode current with the radial position of the probe.
III. RESULTS AND DISCUSSION

A. Discharge characteristics
Operation of the ECR sputtering discharge was possible in the pressure range from 4ϫ10 Ϫ3 Pa to 2ϫ10 Ϫ2 Pa. The ECR discharge was generally not self-sustained at lower pressures, although under some conditions we obtained discharge even for pϽ4ϫ10 Ϫ3 Pa. However, in these cases a faint light emission from the plasma seemed to originate from a narrow channel around the device axis and only small cathode currents of about 10 mA were measured. This is not enough for an efficient sputter deposition and therefore we did not pay more attention to this plasma mode. A microwave breakdown occurred inside the vacuum part of the waveguide at pressures higher than 2ϫ10 Ϫ2 Pa. Most of microwave energy was then absorbed before entering the discharge chamber and, consequently, the cathode current was again too small.
In the test without the substrate holder in the vacuum chamber it was found that the discharge is not self-sustained when large microwave powers and large cathode voltages are used simultaneously. This is quite opposite to the case of EMC, where at pressures lower than 10 Ϫ2 Pa the discharge is self-sustained only when a sufficiently high negative bias is applied to the cathode. 20 In the present case, the border of the region of the self-sustained discharge in the microwave power-cathode voltage parameter space moves to higher values with increasing mirror ratio M R; see Fig. 2 . The values of P and U d which are available for M Rϭ2.9 already enable sputtering with a reasonable deposition rate. Moreover, the discharge became self-sustained up to P ϭ1.3 kW and U d ϭ1 kV ͑maximum outputs of the sources used in the experiment͒ when an electrically floating substrate holder was placed close to the ECR zone, further distant from the microwave launcher, see Fig. 1 . The cathode current also was increased in this case; see Fig. 3 . On the other hand, the discharge was extinguished by a positive bias ͑about ϩ25 V͒ of the substrate holder. All these phenomena can be explained by changes in the confinement of plasma electrons: 
FIG. 3. Cathode current as a function of the coil current for pϭ5ϫ10
Ϫ3 Pa, U d ϭ300 V, P ϭ200 W and various configurations of magnetic coils. From the uppermost curve: coil distance vϭ35 cm, yoke, substrate holder ͑SH͒ at z s ϭ12 cm; vϭ35 cm, yoke, without SH; vϭ40 cm, without SH; vϭ45 cm, without SH. probe. This positive plasma potential decreases with increasing negative bias of the cathode to U pl Ϸ40 V ͑see Fig. 5͒ and the electron losses increase again. ͑3͒ In the mirror machine of the present geometry the electrons escape from the plasma mainly along the chamber axis, i.e., along magnetic field lines. Confinement is improved by increasing the mirror ratio or by inserting an electrically floating plate which reflects all the electrons with the parallel component of energy smaller than e(U pl ϪU f l ), where e is the electron charge and U f l is the floating potential.
The efficiency of the method for sputter deposition was characterized by measurement of the cathode current I d as a function of process parameters: magnetic coil current I c , cathode voltage U d , pressure p and microwave power P .
I d increases with increasing I c until I c ϭI cr and then saturates; see Fig. 3 . I cr is a function of the magnetic field distribution. We compared various parameters of the magnetic field distributions for I c ϭI cr : the magnetic flux densities at the bottom and at the throat of the trap, the gradient of the magnetic field at the ECR position and the distance z ECR of the ECR zone from the center of the cathode. Among those parameters it was the distance z ECR that exhibited the smallest scattering being 10-11 cm in three cases and 7 cm in one case. 21 We conclude that small z ECR Ͻ10 cm is the most relevant condition for achieving the maximum cathode current.
I d as a function of P or U d can be described in a similar way; see Figs. 6 and 7: first a rapid increase with P (U d ) increasing up to 300 W ͑200 V͒, then a much smaller increase or even saturation. I d varied only slightly with the pressure; see Fig. 8 .
B. Langmuir probe measurement of plasma parameters
Floating and plasma potentials U f l and U pl , electron temperature T e and plasma density n pl were measured by means of a plane Langmuir probe ͑LP͒ for 5ϫ10 Ϫ3 Pa pressure and for the magnetic field configuration which was characterized by z ECR ϭ10 cm and M Rϭ2.9. Plasma density was inferred from the saturated ion current density i sat ϩ and T e using the equation n pl ϭi sat ϩ (m i /kT e ) 1/2 /e, where k is the Boltzmann constant and m i is the ion mass.
The axial distributions of T e and n pl confirm that the plasma is confined between the ECR zones as was reported by Arata et al.; 22 see Fig. 9 . The absolute values of n pl Ϸ10 11 cm Ϫ3 and T e Ϸ15-20 eV are smaller and larger, respectively, than the values reported by Junck and Getty   18 for the magnetic-mirror confined plasma and the same pressure and microwave power as in the present experiment.
The comparison of the radial distributions of n pl , T e , U f l and U pl for U d ϭ0 V and 600 V at the axial position zϭ12 cm is presented in Fig. 10 . The negative bias of the cylindrical cathode results in ͑i͒ reduction of U pl from about ϩ60 V to ϩ30 V; ͑ii͒ decrease of T e , which is especially large at large diameters rу3 cm, where the electrons are probably cooled down by collisions with sputtered atoms; ͑iii͒ homogeneous distribution of n pl for radii rр3 cm; and ͑iv͒ a sharp, large peak of n pl at rϭ3.5 cm with its value at the maximum twice as large as n pl for rр3 cm. The location of this peak at rϭ3.5 cm and zϭ12 cm is connected along a magnetic field line with the cathode surface, whose position is given by rϭ5.5 cm and Ϫ5 cmрzр5 cm. As plasma transport occurs mainly along magnetic field lines, the peak of n pl measured by the LP at rϭ3.5 cm shows an increase of n pl in the vicinity of the cathode. This means that a dc discharge sustained by the microwave plasma has probably developed. The increased plasma density near the cathode can be then ascribed to the action of secondary electrons from the cathode. Note that the dc power dissipated at the cathode P dc ϭ600 W is larger than the microwave power P ϭ400 W.
The radial distributions of n pl and T e for U d ϭ0 V with the maxima off the axis reflect the radial distributions of the ionization rate and electron heating due to the absorption of microwaves. The distribution of microwave power density with a minimum at the axis is a consequence of the dependence of the refractive index of microwaves on the plasma density and, possibly, the occurrence of the plasma resonance absorption of the microwaves. 23 The plasma density is just about the value of the critical plasma density n cr ϭ7ϫ10 10 cm Ϫ3 for the microwave frequency 2.45 GHz. The radial distribution of the ion current density i sat ϩ also has a minimum at the axis. The minimum fills up with increasing microwave power; see Fig. 11 . The values of the substrate ion current densities i sat ϩ Ϸ10 mA/cm 2 may enable extensive ion assistance during the deposition of thin films.
The plasma parameters were also measured as a function of the microwave power and the cathode voltage; see Figs. 4 and 5. The increasing P results in increasing T e , U pl and U f l . Increasing U d results mainly in decreasing U pl . The consequences of these variations of plasma parameters for the confinement of the electrons were discussed above.
Heating and generation of the plasma by second harmonic resonance defined by ϭ2 ce ͑i.e., at BϭB ECR /2ϭ438 G for ϭ2ϫ2.45 GHz͒ were reported in the literature, see Ref. 24 , and references therein. Here, and ce denote the driving and electron cyclotron angular frequencies, respectively, and B ECR is the resonance magnetic field. In our experimental conditions, the second harmonic resonance itself was not able to ensure a stable generation of the discharge. This is confirmed by the fact that the discharge extinguished with the peak magnetic field B max decreasing to below 900 G. In Ref. 22 , it was suggested that the observed off-axis heating of the plasma electrons occurred at the second harmonic resonance zone which was located at the periphery of the plasma column ͑i.e., it did not intersect the device axis͒. However, this cannot explain the radial distribution of the electron temperature with an off-axis peak in Fig. 10 , because in this case the second harmonic resonance zone fills the whole cross section of the cylindrical discharge chamber ͑the magnetic field at the bottom of the trap is B min ϭ390 G͒.
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IV. CONCLUSIONS
The measurements reported in this article show that ECR sputtering with the magnetic-mirror plasma confinement and cylindrical hollow cathode is characterized by low working pressures 5ϫ10 Ϫ3 Paрpр2ϫ10 Ϫ2 Pa, cathode currents up to 1 A and high ion fluxes to the substrate up to 12 mA/cm 2 . These characteristics predestine this process for ion-assisted deposition of metal and compound thin films with controlled crystal structure.
Details of the operation of the sputtering apparatus were investigated. It was found that the cathode current is maximum when the ECR zone is less than about 10 cm from the center of the cathode. The electron confinement worsens with increasing microwave power and negative cathode bias due to increasing electron temperature and decreasing plasma potential, respectively. In this way the discharge is not self-sustained for large microwave powers and negative cathode biases if the electron confinement along the magnetic field lines is not sufficient. The electron confinement is improved by a larger M R and/or by a negatively biased substrate holder. The discharge was self-sustained at least up to P ϭ1.3 kW and U d ϭ1 kV for M Rϭ2.9 and substrate holder potential U s рU f l .
Measurements of the axial and radial distributions of the plasma parameters by Langmuir probe show that the plasma densities n pl Ϸ10
11 cm Ϫ3 and electron temperatures T e Ϸ25 eV are maximum between the ECR zones and off the axis. The measurements revealed a decrease in electron temperature and a doubling of plasma density at positions connected to the cathode by magnetic field lines.
In a subsequent experiment ECR sputtering with magnetic-mirror confinement was used for deposition of crystalline TiNi thin films at low substrate temperatures T s Ϸ300°C.
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